A Memory Efficient DFA Using Compression and Pattern Segmentation  by Chang, Yeim-Kuan et al.
 Procedia Computer Science  56 ( 2015 )  292 – 299 
1877-0509 © 2015 Published by Elsevier B.V.This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Conference Program Chairs
doi: 10.1016/j.procs.2015.07.211 
ScienceDirect
Available online at www.sciencedirect.com


&RUUHVSRQGLQJDXWKRU7HOID[
E-mail address:\NFKDQJ#PDLOFVLHQFNXHGXWZ
7KHWK,QWHUQDWLRQDO&RQIHUHQFHRQ)XWXUH1HWZRUNVDQG&RPPXQLFDWLRQV
)1&
$0HPRU\(IILFLHQW')$XVLQJ&RPSUHVVLRQDQG3DWWHUQ6HJPHQWDWLRQ
<HLP.XDQ&KDQJ<XHQ6KXR/LDQG<X7R&KHQ
'HSDUWPHQWRI&RPSXWHU6FLHQFHDQG,QIRUPDWLRQ(QJLQHHULQJ
1DWLRQDO&KHQJ.XQJ8QLYHUVLW\7DLZDQ
$EVWUDFW
7KHUROHRIQHWZRUNVHFXULW\V\VWHPVVXFKDVQHWZRUNLQWUXVLRQGHWHFWLRQV\VWHP1,'6KDVEHFRPHPRUHLPSRUWDQW
7KHUHJXODUH[SUHVVLRQDNDUHJH[PDWFKLQJDOJRULWKPXVHGIRULQVSHFWLQJWKHSD\ORDGVRISDFNHWVLVRQHRIWKHPRVW
LQWHQVLYH WDVNV LQ 1,'6:KHQ PXOWLSOH UHJXODU H[SUHVVLRQV DUH SURFHVVHG WRJHWKHU WKH FRUUHVSRQGLQJ 'HWHUPLQLVWLF
)LQLWH $XWRPDWD ')$ EHFRPHV VR FRPSOLFDWHG DQG QHHGV D ODUJH DPRXQW RI PHPRU\ ,Q WKLV SDSHU ZH SURSRVH D
PHPRU\HIILFLHQWSDUDOOHOFRPSDWLEOH')$DOJRULWKPWKDWXVHVWKHWHFKQLTXHVRIFRPSUHVVLRQDQGSDWWHUQVHJPHQWDWLRQWR
UHGXFH WKHPHPRU\ XVDJH ([WHQGHG IURP 3)$& 3DUDOOHO )DLOXUHOHVV$& DOJRULWKP WKH SURSRVHG FRPSUHVVHG DQG
VHJPHQWHG ')$ &6')$ QHHGV OHVV QXPEHUV RI VWDWHV DQG WUDQVLWLRQV WKDQ į)$ :LWKRXW FRQVLGHULQJ WKH OHDGLQJ
V\PEROV³´LQWKHUHJXODUH[SUHVVLRQVWKHWUDQVLWLRQWDEOHFDQEHFRPSUHVVHGYHU\HIILFLHQWO\E\WKHUXQOHQJWKHQFRGLQJ
7KHQXPEHURIWUDQVLWLRQVLQ&6')$LVDERXWDKDOIRIWKHWUDQVLWLRQVQHHGHGLQį)$DQGXVHVRQO\RIWKHPHPRU\
FRQVXPHGE\į)$%DVHGRQRXUH[SHULPHQWVWKHWKURXJKSXWRIWKHSURSRVHG&6')$LVDOVRPXFKEHWWHUWKDQį)$
7KH$XWKRUV3XEOLVKHGE\(OVHYLHU%9
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKH&RQIHUHQFH3URJUDP&KDLUV
Keywords:1HWZRUNLQWUXVLRQGHWHFWLRQSDWWHUQPDWFKLQJUHJXODUH[SUHVVLRQ
,QWURGXFWLRQ
$VWKHWUDIILFRI,QWHUQHWLVJURZLQJTXLFNO\PRUHPDOLFLRXVDWWDFNVDQGYLUXVHVVSUHDGRYHUWKH,QWHUQHW7KHUROH
RIQHWZRUNVHFXULW\ V\VWHPV VXFKDVQHWZRUN LQWUXVLRQGHWHFWLRQV\VWHP1,'6 ILUHZDOOV DQGDQWLYLUXV VRIWZDUH
KDVEHFRPHPRUH LPSRUWDQW6QRUWDQG%URDUH WZR1,'6H[DPSOHV WKDWKDYHEHHQZLGHO\XVHG WR VDIHJXDUG WKH
VHFXULW\RIQHWZRUN DFWLYLWLHV1,'6 LQVSHFWV WKHSD\ORDGRI HDFKSDFNHWZLWKSUHGHILQHG UXOHVRUSDWWHUQV ,I WKH
SDFNHWPDWFKHVWKHUXOHV1,'6ZLOOSHUIRUPWKHDFWLRQVRIGURSSLQJRUEORFNLQJWKHSDFNHWSUHGHILQHGLQWKHUXOHV
3DWWHUQPDWFKDOJRULWKPVFDQEHGLYLGHGLQWRVLQJOHSDWWHUQDQGPXOWLSDWWHUQEDVHGVFKHPHV7KHPRVWIDPRXV
© 2015 Published by Elsevier B.V.This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Conference Program Chairs
293 Yeim-Kuan Chang et al. /  Procedia Computer Science  56 ( 2015 )  292 – 299 
VLQJOHSDWWHUQ PDWFKLQJ DOJRULWKPV DUH %R\HU0RRUH DQG .QXWK0RUULV3UDWW .03 7KH PRVW IDPRXV PXOWL
SDWWHUQ PDWFKLQJ DOJRULWKPV DUH:XPDQEHU DQG $KR&RUDVLFN $& DOJRULWKPV $OVR DFFRUGLQJ WR GLIIHUHQW
IRUPVRIUXOHVSDWWHUQVFDQEHLQWKHIRUPRIVLPSOHSDWWHUQRUUHJXODUH[SUHVVLRQUHJH[3URFHVVLQJUHJH[LVPRUH
FRPSOLFDWHGWKDQSURFHVVLQJVLPSOHSDWWHUQV,QWKLVSDSHUZHIRFXVRQUHJH[$UHJH[LVDFRQFLVHIRUPDWWRVSHFLI\
D VHW RI VLPSOH SDWWHUQV LQVWHDG RI VSHFLI\LQJ WKHP LQGLYLGXDOO\ )RU H[DPSOH WKH SDWWHUQ VHW FRQWDLQLQJ WKUHH
SDWWHUQV ³DSSOH´ ³DQJOH´ DQG ³DQNOH´ FDQ EH VSHFLILHG E\ WKH UHJXODU H[SUHVVLRQ RI ³DSS_QJ_QNOH´ 7KH
VSHFLILFDWLRQRIUHJXODUH[SUHVVLRQLVQRWXQLTXH,IDWOHDVWRQHUHJH[PDWFKHVDSDUWLFXODUSDWWHUQVHWWKHQDQLQILQLWH
QXPEHURIRWKHUUHJH[HVH[LVWDQGDOVRPDWFKWKLVSDWWHUQVHW
:HFDQXVHUHJH[HQJLQHWRPDWFKWKHUHJXODUH[SUHVVLRQIRUWKHJLYHQVWULQJ'LIIHUHQWUHJH[HQJLQHVPD\QRWEH
IXOO\ FRPSDWLEOH ZLWK HDFK RWKHU %XW PRVW UHJH[ HQJLQHV ZLOO SURYLGH WKH VDPH RSHUDWLRQV WR KDQGOH UHJXODU
H[SUHVVLRQV%DVLFDOO\DUHJXODUH[SUHVVLRQLVFRPSRVHGRIDVHTXHQFHRIDWRPV$QDWRPLVZKDWPDWFKHVDWDSRLQW
LQWKHWDUJHWVWULQJ7KHVLPSOHVWDWRPVDUHOLWHUDOVVXFKDV$%RU&7KHJURXSLQJSDUWVVXUURXQGHGE\EUDFNHWRI
WKHSDWWHUQFDQDOVREHVHHQDVDQDWRPWRR7KHUHDUHVRPHTXDQWLILHUVWHOOLQJKRZPDQ\DWRPVDUHDOORZHGWRRFFXU
7KH FRPPRQ TXDQWLILHUV DUH WKH TXHVWLRQPDUN ³"´ WKH SOXV VLJQ ³´ DQG WKH DVWHULVN ³´ 7KH TXHVWLRQPDUN
LQGLFDWHVWKHUHLV]HURRURQHRIWKHSUHFHGLQJWRNHQWKHDVWHULVN³´LQGLFDWHVWKHUHLV]HURRUPRUHRIWKHSUHFHGLQJ
WRNHQDQGWKHSOXVVLJQ³´LQGLFDWHWKHUHLVRQHRUPRUHRIWKHSUHFHGLQJWRNHQ
5HJH[PDWFKLQJLVRQHRIWKHPRVWLQWHQVLYHWDVNVLQWKH1,'6%HFDXVHWKHVHV\VWHPVPXVWEHSHUIRUPHGRQOLQH
LQOLQHVSHHGWKHHIIHFWLYHXVHRIWKHSDWWHUQPDWFKLQJDOJRULWKPLVYHU\LPSRUWDQW*HQHUDOO\WKHVHDOJRULWKPVKDYH
DOPRVWWKHVDPHSURFHVVWRKDQGOHWKHUHJXODUH[SUHVVLRQ7KHILUVWGDWDVWUXFWXUHZHQHHGLVWKHSDUVHWUHHRIWKH
SDWWHUQ 7KHUH DUH YDULRXV UXOHV OLNH YHUWLFDO EDU ³_´ DVWHULVN ³´ TXHVWLRQPDUN ³"´ RU SOXV VLJQ ³´ LQ UHJXODU
H[SUHVVLRQVDQGVRPHRIUXOHVKDYHKLJKHUSULRULWLHVWKDQWKHRWKHU7KHSDUVHWUHHKHOSVXVWRNQRZZKLFKUXOHZLOO
EHKDQGOHG ILUVW DQGZKLFKRQHZLOOEHKDQGOHG ODWHU6RPHDOJRULWKPVPD\ WUDQVIRUP WKHSDWWHUQV LQWR WKHSRVW
RUGHUIRUPZLWKWKHVDPHUHDVRQ7KHILUVWV\PEROLQSRVWRUGHUIRUPZLOOEHKDQGOHGILUVWDQGVHFRQGV\PEROZLOO
EHKDQGOHG VHFRQG7KHSDUVH WUHH LV MXVW DQRWKHU UHSUHVHQWDWLRQRI WKHSDWWHUQV ,WKDVHTXDO DELOLW\ WRKDQGOH WKH
SDWWHUQV7KHOHIWOHDIQRGHZLOOEHKDQGOHGILUVWDQGWKHSDUHQWQRGHRQO\DIIHFWVLWVFKLOGQRGHV
1RQGHWHUPLQLVWLFILQLWHDXWRPDWRQ1)$DYRLGVVWDWHEORZXSSUREOHP8QIRUWXQDWHO\WKHGUDZEDFNRI1)$LV
WKDWDORWRIDFWLYHVWDWHVPXVWEHPDLQWDLQHGDWHDFKF\FOH:KHQDQLQSXWV\PEROLVUHDG1)$KDVWRXSGDWHDOOWKH
DFWLYHVWDWHVWRWKHLUQH[WVWDWHV,IWKHQXPEHURIDFWLYHVWDWHVEHFRPHVODUJHWKHXSGDWLQJFRVWZLOODOVRLQFUHDVH,Q
UHFHQW\HDUV1)$DSSURDFKHVKDVEHHQDWWUDFWLQJPXFKDWWHQWLRQEHFDXVH WKHVSHHGRI WKHVHDSSURDFKHV LVPXFK
IDVWHULI*38*UDSKLF3URFHVVLQJ8QLW)3*$)LHOGSURJUDPPDEOHJDWHDUUD\RUVRPHVSHFLDOKDUGZDUHDUHXVHG
7KH VHFRQGDOJRULWKPEXLOGV D GHWHUPLQLVWLF ILQLWH DXWRPDWD ')$')$ LV H[WUHPHO\ IDVW EXW LWPD\QHHG D
ODUJH DPRXQW RI PHPRU\ WR VWRUH WKH ')$ WUDQVLWLRQ WDEOH EHFDXVH WKH JLYHQ UHJXODU H[SUHVVLRQV FDXVH WKH
H[SRQHQWLDO VWDWH H[SORVLRQ )RU WKLV UHDVRQ ZH XVXDOO\ GR VRPH RSWLPL]DWLRQ IRU ')$ WR UHGXFH WKH PHPRU\
FRQVXPSWLRQ 7KH GLIIHUHQFH EHWZHHQ DQ 1)$ DQG D ')$ LV WKDW D ')$ UHTXLUHV RQO\ RQH VWDWH WUDYHUVDO SHU
FKDUDFWHU EXW LW XVXDOO\ QHHGV PXFK PRUH PHPRU\ WKDQ DQ 1)$ 7KHUHIRUH PDQ\ ZRUNV KDYH EHHQ SURSRVHG
UHFHQWO\ZLWK WKHJRDORIPHPRU\ UHGXFWLRQ IRU')$V ,Q WKLVSDSHUZHZLOOSURSRVH WZR WHFKQLTXHV WR LPSURYH
PHPRU\ XWLOL]DWLRQ RI ')$ WKH UXQOHQJWK HQFRGLQJ VFKHPH WR FRPSUHVV WKH WUDQVLWLRQ WDEOH DQG WKH SDWWHUQ
VHJPHQWDWLRQWRVROYHWKHVWDWHH[SORVLRQSUREOHPRI')$
7KHUHVWRIWKLVSDSHULVRUJDQL]HGDVIROORZV6HFWLRQUHYLHZVEDFNJURXQGDQGUHODWHGZRUN,QVHFWLRQZH
LQWURGXFHRXUSURSRVHGVFKHPHLQGHWDLOVDQGVRPHLQVWDQFHVWRVKRZWKHDGYDQWDJHRIRXULGHDV:HZLOOVKRZWKH
VHDUFKSURFHVVRIRXUSURSRVHGVFKHPH7KHDQDO\VLVRI6QRUWDQG%URSDWWHUQVHW¶VH[SHULPHQWUHVXOWVDUHGLVFXVVHG
LQVHFWLRQ)LQDOO\ZHFRQFOXGHWKHSDSHULQVHFWLRQ
5HODWHGZRUN
7KRPSVRQ1)$LVDYHU\SRSXODUPHWKRGWREXLOG1)$V,WVFRQVWUXFWLRQLVOLQHDULQWKHQXPEHUVRIVWDWHVDQG
WUDQVLWLRQV+RZHYHU WKLV DXWRPDWRQ KDV İWUDQVLWLRQVZKLFK FDQ EH SDVVHG WKURXJKZLWKRXW UHDGLQJ D FKDUDFWHU
$QRWKHU SRSXODU1)$ FRQVWUXFWLQJPHWKRG LV*OXVKNRY¶V DOJRULWKP:H FDOO WKH DXWRPDWRQ FRQVWUXFWHG E\ WKLV
PHWKRG*OXVKNRY1)$$Q1)$GRHVQRWUHTXLUHLQSXWV\PEROVIRUVWDWHWUDQVLWLRQVZKLFKZHXVXDOO\XVHHSVLORQ
V\PEROİUHSUHVHQWVWKLVVLWXDWLRQDQGLVFDSDEOHRIWUDQVLWLRQLQJPRUHWKDQRQHQH[WVWDWHIRUDQLQSXWV\PEROEXW
*OXVKNRY1)$V GRQ¶W KDYH İWUDQVLWLRQVZKLFKPHDQV LW UHTXLUH LQSXW V\PEROV IRU HDFK VWDWH WUDQVLWLRQV VRZH
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XVXDOO\FDOOLWİIUHH1)$V,WKDVRQO\RQHLQLWLDOVWDWHDQGPD\EHRQHRUPRUHILQDOVWDWHV$QGWKHRWKHULQWHUHVWLQJ
SURSHUW\LVWKDWIRUDQ\VWDWHWKHVWDWH¶VLQFRPLQJWUDQVLWLRQVDUHODEHOHGE\WKHVDPHFKDUDFWHU7KLV1)$KDVRQO\
PVWDWHVLIZHGRQ¶WGRDQ\RSWLPL]DWLRQZKHUHPLVWKHQXPEHURIQRQVSHFLDOFKDUDFWHUVLQDSDWWHUQ%XWWKH
QXPEHURIWUDQVLWLRQVLVPLQWKHZRUVWFDVHZKLFKLVODUJHUWKDQ7KRPSVRQ1)$¶V1)$E\ġ6LGKXDQG3UDVDQQD
LVDQRWKHUZD\ WRFRQVWUXFWDQ1)$7KHSURSRVHGDOJRULWKPFRQYHUWVDQDUELWUDU\ UHJH[ LQWRDQ1)$FDSDEOHRI
SURFHVVLQJ N V\PEROV SHU F\FOH 7KH SURFHGXUH RI WKLV DOJRULWKP LV WR FRQYHUW WKH UHJXODU H[SUHVVLRQ LQWR D 
FKDUDFWHU1)$DQGWKHQPRGLI\LWWRVXSSRUWPXOWLSOHV\PEROV
7KHVLPSOHVWZD\WRFRQVWUXFWD')$LVWREXLOGDQ1)$ILUVWDQGFRQYHUWLWLQWRD')$E\VXEVHWFRQVWUXFWLRQ
7KHPDLQLGHDRIVXEVHWFRQVWUXFWLRQLVDVIROORZVZKHQZHWUDYHUVHWKHWH[WXVLQJDQRQGHWHUPLQLVWLFDXWRPDWRQD
QXPEHURI WUDQVLWLRQVFDQEHIROORZHGDQGDVHWRIVWDWHVEHFRPHDFWLYH+RZHYHUD')$KDVH[DFWO\RQHDFWLYH
VWDWHDWDWLPH6RWKHFRUUHVSRQGLQJGHWHUPLQLVWLFDXWRPDWRQLVGHILQHGRYHUWKHVHWRIVWDWHVRIWKHQRQGHWHUPLQLVWLF
DXWRPDWRQ7KHNH\LGHDLVWKDWWKHXQLTXHFXUUHQWVWDWHRIWKH')$LVWKHVHWRIFXUUHQWVWDWHVRIWKH1)$
'HOWD)LQLWH$XWRPDWDį)$ LVD UHSUHVHQWDWLRQRI')$WKDWFRQVLGHUDEO\UHGXFHV WKHQXPEHUVRI WUDQVLWLRQV
į)$ H[DPLQHV RQH VWDWH SHU FKDUDFWHU RQO\ DQG WKXV UHGXFHV WKH QXPEHU RIPHPRU\ DFFHVVHV DQG VSHHGV XS WKH
RYHUDOOVHDUFKSURFHVVį)$LVRUWKRJRQDO WR WKHRWKHUDOJRULWKPVVXFKDV;)$VDQG+F)$7KHPDLQ LGHDRI
į)$ FRPHV IURP WKH REVHUYDWLRQV VKRZLQJ WKHPRVW GHIDXOW WUDQVLWLRQV DUH GLUHFWHG WR VWDWHV FORVHU WR WKH LQLWLDO
VWDWHV DQG WKHPRVW WUDQVLWLRQV IRU D JLYHQ LQSXW FKDUDFWHU DUH GLUHFWHG WR WKH VDPH VWDWH %\ HODERUDWLQJ RQ WKLV
REVHUYDWLRQ LW EHFRPHV HYLGHQW WKDWPRVW DGMDFHQW VWDWHV VKDUH D ODUJHSRUWLRQRI WKH VDPH WUDQVLWLRQV ,IZH FDQ
³UHPHPEHU´WKHHQWLUHWUDQVLWLRQVRISDUHQWVWDWHLQORFDOPHPRU\ZHGRQ¶WQHHGWRVWRUHWKHHQWLUHWUDQVLWLRQVLQWKH
FKLOGVWDWH
3URSRVHG6FKHPH
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KDQGOHGILUVWDQGZKLFKRQHZLOOEHKDQGOHGODWHU7KHVHFRQGVWHSEXLOGVDQ1)$IURPWKHSDUVHWUHH7KRPSVRQ
1)$DQG*OXVKNRY1)$DOJRULWKPVDUHWZRW\SLFDOPHWKRGVWRFRQVWUXFW1)$V7KHWKLUGVWHSFRQYHUWVWKH1)$
LQWR D ')$ E\ XVLQJ VXEVHW FRQVWUXFWLRQ DOJRULWKP:H FDQ XVH WKH ')$ WR SHUIRUP WKH UHJH[ PDWFKLQJ 7KH
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7KH PDLQ SXUSRVH RI RXU SURSRVHG VFKHPH LV WR UHGXFH PHPRU\ FRQVXPSWLRQ E\ XVLQJ WZR WHFKQLTXHV
FRPSUHVVLRQDQGSDWWHUQVHJPHQWDWLRQ:HZLOOGHVFULEHWKHGHWDLOVRIWKLVVFKHPHLQWKHIROORZLQJVHFWLRQVVWDUWLQJ
IURPWKHREVHUYDWLRQVRQUHPRYLQJWKHV\PEROVRI³´IURPUHJXODUH[SUHVVLRQVLQWKH')$VWRWKHRSHUDWLRQVRI
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VHJPHQWLQJWKHSDWWHUQVZLWK³&RXQWLQJ&RQVWUDLQWV´DQG³.OHHQH6WDU´ZKLFKXVXDOO\FDXVHVWDWHEORZXS
3.1 CSDFA 
&RPSDUHG WR ')$ į)$ KDV UHPDUNDEO\ OHVV QXPEHU RI WUDQVLWLRQV 7KH PDLQ LGHD RI į)$ LV IURP DQ
REVHUYDWLRQWKDWWKHPRVWWUDQVLWLRQVIRUDJLYHQLQSXWV\PERODUHGLUHFWHGWRWKHVDPHVWDWH/HWPEHWKHSDUHQWVWDWH
RIDFKLOGVWDWHC,IZHFDQ³UHPHPEHU´DOOWKHWUDQVLWLRQVRISDUHQWVWDWHPLQORFDOPHPRU\ZHKDYHQRUHDVRQWR
VWRUHDOOWKHWUDQVLWLRQVLQFKLOGVWDWHCZKHQC¶VWUDQVLWLRQWDEOHLVWKHVDPHDVPį)$HPSOR\VDVHDUFKWDEOHWKDW
UHFRUGVQH[WVWDWHVLQIRUPDWLRQRQWKHIO\:HRQO\QHHGVWRVWRUHLQCWKHGLIIHUHQFHVRIWKHWUDQVLWLRQVEHWZHHQ
VWDWHVP DQGC )LJXUH  VKRZV D')$FRQVLVWLQJRI UHJH[HV $% DQG %& DQG WKH FRUUHVSRQGLQJ į)$:H
XVXDOO\RPLWWKH³´IURPWKHEHJLQQLQJRISDWWHUQVZKHQZHGLVFXVVWKHUHJXODUH[SUHVVLRQV,QWKLVH[DPSOHWKH
SDWWHUQ$%DQG%&DFWXDOO\DUH$%DQG%&3DWWHUQVDUHQ¶WOLPLWHGWREHPDWFKHGDWWKHVWDUWRIWKH
LQSXWVWULQJ,IZHUHPRYHWKH³´IURPWKHEHJLQQLQJRIWKHSDWWHUQVWKH')$DQGį)$VKRZQLQ)LJXUHKDYHOHVV
VWDWHVDQGWUDQVLWLRQVDQGVRWKHPHPRU\UHTXLUHPHQWLVORZHU
$ VFKHPH FDOOHG 3DUDOOHO )DLOXUHOHVV$& 3)$& LV D PXOWLWKUHDGLQJ SDWWHUQ PDWFK DOJRULWKP GHVLJQHG IRU
*UDSKLF3URFHVVLQJ8QLW*383)$&DVVLJQVDWKUHDGWRHDFKV\PERORILQSXWVWULQJWRVWDUWLWVPDWFKLQJSURFHVV
(YHU\WKUHDGH[HFXWHV3)$&DOJRULWKPWRILQGDPDWFKHGSDWWHUQEHJLQQLQJDWLWVVWDUWLQJSRVLWLRQ,IDWKUHDGFDQQRW
ILQG D PDWFK LW WHUPLQDWHV LPPHGLDWHO\ :H FDQ XVH WKH VDPH WHFKQLTXH WR VHDUFK ZLWK WKLV į)$ IRU UHGXFLQJ
PHPRU\FRQVXPSWLRQDQGSDUDOOHOL]DWLRQ7KHSUREOHPRIWKLVVFKHPHLVWKDWLWPD\KDYHPRUHWKDQRQHDFWLYHVWDWHV
LQVHDUFKWLPHVRZHKDYHWRPDLQWDLQDVHDUFKWDEOHUHFRUGLQJHQWLUHWUDQVLWLRQLQIRUPDWLRQIRUHDFKDFWLYHVWDWHLQ
WKHVDPHWLPH7KHVHVHDUFKWDEOHZRXOGFRQVXPHORWVRIPHPRU\VRZHQHHGWRVROYHWKLVSUREOHPZKLFKPDNHWKH
VHDUFKSURFHVVTXLWHVORZ
,Q WKH')$RI D SDWWHUQ VHWZLWKRXW OHDGLQJ µ¶ WKHUH DUHPRUH LGHQWLFDO WUDQVLWLRQV LQ RQH VWDWH0RVW LQSXW
V\PEROVZLOOIRUZDUGWRWKHVDPHQH[WVWDWHLQWUDQVLWLRQWDEOHį)$WKLVVFKHPHVWRUHVWKHWUDQVLWLRQWDEOHRIDVWDWH
E\RQO\UHFRUGLQJWKHGLVWLQFWSDUWIURPLWVSDUHQW,QWKHSURSRVHG&6')$ZHUHPRYHVDOOWKHWUDQVLWLRQVKDYLQJ
WKHVDPHQH[WVWDWHDVLWVIRUPHUE\XVLQJUXQOHQJWKHQFRGLQJ)RUH[DPSOHWKHUHLVDVWDWHZKLFKZLOOWUDQVIHUWRWKH
VDPHQH[W VWDWHZLWK LQSXW V\PERO µ$¶DQG µ%¶ZHFDQUHPRYH WKH V\PERO µ%¶ LQ WKH WUDQVLWLRQ WDEOH/LNHį)$
&6')$KDVDELWELWPDSWRUHFRUGZKHWKHUWKHQH[WVWDWHLVFKDQJHG,IWKHQH[WVWDWHZLWKDQLQSXWV\PEROLV
GLIIHUHQW IURPLWV IRUPHU WUDQVLWLRQV WKHFRUUHVSRQGLQJELW LQELWPDSWDEOHZLOOEHVHW WREH)LJXUHVKRZV WKH
GDWDVWUXFWXUHRI WUDQVLWLRQV LQDVWDWH6\PEROµ$¶DQGµ%¶VKDUH WKHVDPHQH[WVWDWHVRZHUHPRYH WKHURZZLWK
V\PEROµ%¶RIWUDQVLWLRQWDEOHDQGVHWFRUUHVSRQGLQJSRVLWLRQRIELWPDSbmx WRDQGUHVSHFWLYHO\6\PEROµ'¶
DQGµ(¶KDYHQRIRUZDUGOLQNDQGVRWKH\DUHQRWUHFRUGHGLQWKHRULJLQDOWUDQVLWLRQWDEOH:HXVHDQRWKHUELWPDSbmy
WRUHFRUGWKDW6\PEROµ'¶DQGµ(¶KDYHQRIRUZDUGOLQNDQGVRZHVHWWKHSRVLWLRQVDQGWREHLQWKLVH[DPSOH
8QOLNH į)$ &6')$ LVQ¶W UHTXLUHG WR PDLQWDLQ D VHDUFK WDEOH WR FRPSOHWH WKH VHDUFK RSHUDWLRQV &6')$
VHDUFKHVELWPDSbmyILUVW,IWKHELWFRUUHVSRQGLQJWRWKHVHDUFKV\PEROLVLWPHDQVWKHUHLVQRWUDQVLWLRQZLWKWKLV
V\PERODQGWKHVHDUFKSURFHVVWHUPLQDWHVLPPHGLDWHO\DVLQ3)$&+RZHYHULILWLVZHWKHQDFFHVVELWPDSbmxWR
FRPSXWHWKHQXPEHURIVHWELWVDWDQGEHIRUHWKHELWSRVLWLRQFRUUHVSRQGLQJWRWKHVHDUFKV\PERO7KHQZHNQRZWKH
LQGH[RIWKHFRPSUHVVHGWUDQVLWLRQWDEOHIURPZKLFKZHFDQREWDLQWKHQH[WVWDWH
3.2 CSDFA with pattern segmentation 
*LYHQDQ1)$ZLWK1VWDWHV WKHFRUUHVSRQGLQJ')$PD\FRQVLVWRI1VWDWHV LQ WKHZRUVWFDVH WKHRUHWLFDOO\
$OWKRXJKWKLVXSSHUERXQGLVQ¶WUHDFKHGLQPRVWFDVHVWKHQXPEHURIVWDWHVLQVRPHFRQGLWLRQVPD\EHFORVHWRWKH
6\PERO 1H[WVWDWH
$ 
& 
) 

bmx       
bmy       

)LJXUH7KHWUDQVLWLRQWDEOHDQGELWPDSWDEOHRIDVWDWH
6\PERO 1H[WVWDWH
$ 
% 
& 
) 
* 
$2ULJLQDOWUDQVLWLRQWDEOH
%7UDQVLWLRQWDEOHLQ&6')$
)LJXUH&6')$ZLWKVHJPHQWDWLRQIRU$%^`
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ZRUVWFDVH:HZLOOIRFXVRQWZRFRQGLWLRQVRFFXUULQJIUHTXHQWO\LQSDWWHUQVHWVQDPHO\³FRXQWLQJFRQVWUDLQW´DQG
³.OHHQHVWDU´
$FRXQWLQJFRQVWUDLQWFRQGLWLRQLVDUHSHWLWLRQWKDWPD\RFFXULQUHJXODUH[SUHVVLRQVVXFKDV^QP`DQG^Q`
,WFDQOHDGWRVWDWHEORZXSGXULQJFRQVWUXFWLRQRI)$VHYHQZKHQWKHFRUUHVSRQGLQJUHJXODUH[SUHVVLRQLVFRPSLOHG
VHSDUDWHO\,WZDVWHVPHPRU\WRFUHDWHVWDWHVIRU WKHVDPHDWRPVRUVXESDWWHUQV6RZHVHJPHQW WKHSDWWHUQV LQWR
VHYHUDOSLHFHVDQGFRQYHUWHDFKSLHFHWRDQ1)$VHSDUDWHO\7KHQZHFRQFDWHQDWHDOOWKHVH1)$VE\PHUJLQJWKHLU
LQLWLDOVWDWHV)LQDOO\WKLVPHUJHG1)$LVFRQYHUWHGLQWR')$E\WKHVXEVHWFRQVWUXFWLRQDOJRULWKP
)LJXUH VKRZV WKHEXLOGLQJSURFHVV IRUSDWWHUQ $%^`7KHSXUSRVHRI WKLV VFKHPH LV WRPHUJH VLPLODU
SDUWVRI)$VIRUUHGXFLQJWKHVWDWHVDQGWUDQVLWLRQV:KHQZHFRQYHUWWKH1)$LQWRD')$ZHDOVRPHUJHWKHVWDWHV
DQG WUDQVLWLRQV RI WKH 1)$ EUDQFKHV FRUUHVSRQGLQJ WKH VDPH VXESDWWHUQV 7KH EHQHILWV RI WKLV VFKHPH GRHVQ¶W
UHTXLUHWKHSDWWHUQPXVWEHVHTXHQWLDORULQDVLQJOHSDWWHUQ
7KH.OHHQHVWDUFRQGLWLRQPHDQV]HURRUPRUHWLPHVRIUHSHWLWLRQVIRUVRPHDWRPV,WPD\OHDGWRVWDWHEORZXS
ZKHQ FRQYHUWLQJ1)$ WR')$%HFDXVH LQ VXEVHW FRQVWUXFWLRQ HYHU\ VXEVHW RI1)$ VWDWHV FRQWDLQLQJ VHOIORRS
VWDWHVFDXVHGE\.OHHQHVWDUZLOODIIHFWDOO WKHIROORZLQJVXEVHWVDORWRIQHZ')$VWDWHVZLOOEHFUHDWHG,WRIWHQ
KDSSHQVLQEXLOGLQJIRUPXOWLSOHSDWWHUQV3DWWHUQVHJPHQWDWLRQPD\DOVROHDGWKHVDPHSUREOHPLQVRPHUDUHFDVHV
ZKHQEXLOGLQJ')$7DNHDQH[DPSOHRISDWWHUQ$%&$%'(VKRZQLQ)LJXUH7KHILQDO')$LQWKLVH[DPSOH
KDVPRUHVWDWHVDQGWUDQVLWLRQVWKDQWKHRULJLQDORQH:HFDQKDQGOHWKLVSUREOHPE\DGMXVWLQJWKHFXWWLQJSRVLWLRQRI
SDWWHUQVHJPHQWDWLRQWRPDNHDOOWKHVHOIORRSVWDWHVKDYHOHVVRSSRUWXQLW\IRUEHLQJPHUJHGE\RWKHUVWDWHV
%HIRUHZHVWDUWWRGHVFULEHWKHGHWDLOVRIRXUSDWWHUQVHJPHQWDWLRQZHGHILQHWKHWHUP³GHSWK´IRU1)$WREHWKH
PD[LPXPQXPEHURIQH[WVWDWHVIURPLQLWLDOVWDWHWRWKHHQGVWDWHVZLWKRXWDQ\UHYLVLWHGVWDWH7KHPDLQSXUSRVHRI
RXUSDWWHUQVHJPHQWDWLRQLVWRUHGXFHPHPRU\FRQVXPSWLRQ6RZHZDQWWRLQFUHDVHWKHRSSRUWXQLW\RIPHUJLQJWKH
VWDWHV RI1)$ EXLOW IURP WKH VXESDWWHUQV VHJPHQWHG IURP RULJLQDO SDWWHUQV )RU WKLV UHDVRQ WKH GHSWKV RI WKHVH
1)$VFDQQRWEHWRRGLIIHUHQW,WLVLQHIILFLHQWWRPHUJHVWDWHVLIWKHVRPHEUDQFKHVRI1)$LVPXFKORQJHUWKDQWKH
RWKHUV:HXVHWKHPD[LPXPGHSWKOLPLWLQRXUVHJPHQWDWLRQSURFHVVDVIROORZV:HFRPSXWHWKHGHSWKRI1)$IRU
HDFK SRVVLEOH VXESDWWHUQ )RU DERYH H[DPSOH ZH ZLOO WHVW ³$´ DV WKH VXESDWWHUQ FRPSXWH WKH GHSWK RI WKH
FRUUHVSRQGLQJ1)$DQGFKHFNZKHWKHUWKHGHSWKUHDFKHVWKHPD[LPXPGHSWKOLPLWZHVHW,IVRFXWRIIWKHVXE
SDWWHUQZHKDYHSDVVHG,IQRWWHVW³$%´³$%&´³$%&´DQGVRRQXQWLOWKHGHSWKRIFRUUHVSRQGLQJ1)$UHDFKHV
2ULJLQDO1)$
1)$VEXLOWE\VXESDWWHUQV
)LJXUH7KHDXWRPDWDIRUSDWWHUQ$%&$%'(LQ&6')$
)LQDO')$ġ
ġ0HUJHG1)$
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WKHPD[LPXPGHSWKOLPLW
,QRXUVFKHPHZHZLOODOVRFXWRIIWKHSDWWHUQULJKWDIWHUWKH.OHHQHVWDU,QWKLVFDVHWKHVXESDWWHUQZKLFKKDV
.OHHQHVWDUZLOOEHDSSHQGHGWRWKHSULRUVXESDWWHUQWRDORQJHURQHE\LJQRULQJWKHFRQVWUDLQWRIPD[LPXPGHSWK
OLPLW)LJXUHVKRZVWKH1)$VEXLOWIURPVHJPHQWHGVXESDWWHUQV,QWKLVFDVHZHVHWWKHPD[LPXPGHSWKWRWZR
VRWKHGHSWKRIHDFK1)$GRHVQ¶WH[FHHGWZRH[FHSWWKH1)$ZLWKVHOIORRSVWDWHV$VZHFDQVHHWKHVHJPHQWHG
1)$ KDYLQJ VHOIORRS VWDWH LV ORQJHU WKDQ RWKHU VHJPHQWHG 1)$V DQG VR LW KDV OHVV RSSRUWXQLW\ WR PDNH VWDWH
H[SORVLRQKDSSHQ)LJXUHDOVRVKRZVWKHILQDO')$IRUSDWWHUQ$%&$%'(%HFDXVHWKHVHOIORRSVWDWHLVDWWKH
HQGRIWKHEUDQFKRIWKH1)$DQGWKLVEUDQFKLVORQJHUWKDQRWKHUEUDQFKHVWKHVWDWHH[SORVLRQGRHVQ¶WKDSSHQLQ
ILQDO')$
,Q SUDFWLFDO LPSOHPHQWDWLRQZHZLOO FRQYHUW WKH SDWWHUQ WR D SDUVH WUHHZKLFK LV WKH LQWHUPHGLDWH SURGXFW RI
EXLOGLQJ1)$7KHSDUVHWUHHUHSUHVHQWDWLRQRIDSDWWHUQLVGHVFULEHGVXEVHTXHQWO\7KHSDUVHWUHHLVXVHGWRKHOSXV
WRNQRZWKHUHODWLRQVKLSRIDWRPVLQDSDWWHUQ)RUH[DPSOHZHNQRZWKDWWKHUHSHWLWLRQLQSDWWHUQ$%^`LV
IRU³$%´QRWIRU³%´7KHSDUVHWUHHEXLOWIRUSDWWHUQ$%&$%'(LVVKRZQLQ)LJXUH
:HFRPSXWHWKHGHSWKRIHDFKQRGHEDVHGRQWKHQRGHW\SHGHILQHGLQ7DEOHDQGFXWRIIWKHSDUVHWUHHWREHD
QHZVXESDUVHWUHHZKHQWKHFRUUHVSRQGLQJ1)$¶VGHSWKUHDFKHVWKHPD[LPXPOLPLWRUPHHWD6WDU1RGH:LWKWKH
VDPHLGHDWKHVXESDUVHWUHHZLWK6WDUQRGHZLOOEHFRQFDWHQDWHGWRWKHLUSULRUVXESDUVHWUHHLQWRDELJJHURQH7KH
UHVXOWRIVXESDUVHWUHHVZKLFKZHVHWWKHPD[LPXPGHSWKWREHWZRIRUDERYHH[DPSOHLVVKRZQLQ)LJXUH(DFK
RI WKH VXE SDUVH WUHHVZLOO EH FRQYHUWHG WR DQ1)$ VHSDUDWHO\ E\ XVLQJ*OXVKNRY¶V FRQVWUXFWLRQ$OO 1)$V DUH
FRQFDWHQDWHGLQWRDVLQJOH1)$E\PHUJLQJWKHLQLWLDOVWDWHVRIWKHVH1)$V7KHQWKHPHUJHG1)$LVFRQYHUWHGLQWR
')$ZKLFKLVWKHVDPHDVWKHRQHVKRZQLQ)LJXUH
(YHU\SDWWHUQKDVGLIIHUHQWSURSHUWLHV7KHUHIRUH LW LVQRWHDV\WRGHWHUPLQHWKHEHVWPD[GHSWK6RPHSDWWHUQV
ZLWK PD[ GHSWK RI WZR DUH EHWWHU EXW VRPH DUH QRW )RU H[DPSOH WKH EHVW PD[ GHSWK LV WKUHH IRU SDWWHUQ
$%&$%&$%&$%&:HSURSRVHWRWHVWDOOWKHSRVVLEOHPD[GHSWKVDQGILQGWKHEHVWRQHWKDWOHDGVWRWKHOHDVW
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7KUHH SDWWHUQ VHWV DUH HPSOR\HG LQ RXU H[SHULPHQWV 7KH ILUVW VHW FDOOHG 6QRUW FRQWDLQV  GLVWLQFW UHJXODU
H[SUHVVLRQVUDQGRPO\VHOHFWHGIURP6QRUWYHUVLRQYLUXVGDWDEDVH$OWKRXJK6QRUWLVVPDOOLWDOORZVXVWR
EXLOG LWV')$DQGį)$IRUFRPSDULVRQSXUSRVHZLWKYDULRXVVFKHPHV7KHVHFRQGVHWFDOOHG%URFRQVLVWVRI
SDWWHUQVIURP%UR7KHWKLUGSDWWHUQVHWFDOOHG6QRUWFRQVLVWVRIUHJXODUH[SUHVVLRQVDOVRVHOHFWHGIURP
6QRUW YHUVLRQ  YLUXV GDWDEDVH E\ UHPRYLQJ PDQ\ UHGXQGDQW UHJXODU H[SUHVVLRQV 7KH LQIRUPDWLRQ RI WKH
SDWWHUQVHWVDUHVKRZQLQ7DEOHZKHUHZHOLVWWKHQXPEHURISDWWHUQVWKH$6&,,FRGHOHQJWKUDQJHWKHSHUFHQWDJH
RISDWWHUQVLQFOXGLQJ³ZLOGFDUGV\PEROV´LH"DQGWKHSHUFHQWDJHRISDWWHUQLQFOXGLQJUHSHWLWLRQVZLWK^Q`
RU^QP`IRUPDW
:HFRPSDUHWKHQXPEHURIVWDWHVQXPEHURIWUDQVLWLRQVDQGDYHUDJHQXPEHURIWUDQVLWLRQVIRUHDFKVWDWHDQG
PHPRU\FRQVXPSWLRQLQ7DEOH7KHILUVWWKUHHURZVVKRZWKHUHVXOWVIRUWKHSDWWHUQVZLWK³´SUHSHQGHGLQWKH
EHJLQQLQJDQGWKHODVWIRXUURZVDUHWKHUHVXOWVIRUWKHSDWWHUQVZLWKRXW³´LQWKHEHJLQQLQJ$VZHFDQVHHLIWKH
SDWWHUQVVWDUWZLWK³´WKH\KDYHODUJHUQXPEHUVRIVWDWHVDQGWUDQVLWLRQVWKDQWKDWZLWKQR³´LQWKHEHJLQQLQJ
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IURPWKHEHJLQQLQJRISDWWHUQV)RUH[DPSOHLQ)LJXUHWKHQXPEHURIWUDQVLWLRQVLQį)$KDVRQO\UHGXFWLRQ
FRPSDUHGWR')$LQ%UR7KHVLPLODUUHVXOWVIRUSDWWHUQVHWVQRUWDUHVKRZQLQ7DEOHFZKHUHWKHUHVXOWV
IRU SDWWHUQV ZLWK µ¶ SUHSHQGHG LQ WKH EHJLQQLQJ FDQQRW EH FRPSXWHG GXH WR VWDWH EORZRXW SUREOHP )LJXUH 
FRPSDUH WKH WKURXJKSXWV RI WKH SURSRVHG&6')$DQG į)$ LQ WHUPV RI WKURXJKSXW UDWLR RYHU RULJLQDO')$7KH
SURSRVHG&6')$LVPXFKIDVWHUWKDQį)$DOWKRXJKERWK&6')$DQGį)$DUHVORZHUWKDQRULJLQDO')$
:HKDYHFRPSDUHGWKHPHPRU\FRQVXPSWLRQRI')$į)$DQG&6')$IRUWKHSDWWHUQVZLWKDQGZLWKRXW³´
SUHSHQGHG:HVKRZWKDWWKHVHVFKHPHVIRUWKHSDWWHUQVZLWKRXW³´DFWXDOO\UHTXLUHVVPDOOHUPHPRU\FRQVXPSWLRQ
:LWKRXW³´ZHFDQHYHQXVHDODUJHUSDWWHUQVHWWRGRWKHH[SHULPHQW7DEOHVKRZVWKHPHPRU\FRQVXPSWLRQLQ
DODUJHU6QRUWSDWWHUQVHWFRQVLVWLQJRISDWWHUQVEDVHGRQ6QRUW7KHWHFKQLTXHRISDWWHUQVHJPHQWDWLRQSHUIRUP
YHU\ZHOOIRUWKLVODUJHUSDWWHUQV$VZHFDQVHHWKH&6')$ZLWKVHJPHQWDWLRQKDVDEHWWHUSHUIRUPDQFHVLQFHLW
QHHGVRQO\DKDOIRIWKHPHPRU\FRQVXPHGE\&6')$ZLWKRXWVHJPHQWDWLRQ
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